To understand the evolution, attenuation, and variable protective efficacy of bacillus Calmette-Gué rin (BCG) vaccines, Mycobacterium bovis BCG Pasteur 1173P2 has been subjected to comparative genome and transcriptome analysis. The 4,374,522-bp genome contains 3,954 protein-coding genes, 58 of which are present in two copies as a result of two independent tandem duplications, DU1 and DU2. DU1 is restricted to BCG Pasteur, although four forms of DU2 exist; DU2-I is confined to early BCG vaccines, like BCG Japan, whereas DU2-III and DU2-IV occur in the late vaccines. The glycerol-3-phosphate dehydrogenase gene, glpD2, is one of only three genes common to all four DU2 variants, implying that BCG requires higher levels of this enzyme to grow on glycerol. Further amplification of the DU2 region is ongoing, even within vaccine preparations used to immunize humans. An evolutionary scheme for BCG vaccines was established by analyzing DU2 and other markers. Lesions in genes encoding -factors and pleiotropic transcriptional regulators, like PhoR and Crp, were also uncovered in various BCG strains; together with gene amplification, these affect gene expression levels, immunogenicity, and, possibly, protection against tuberculosis. Furthermore, the combined findings suggest that early BCG vaccines may even be superior to the later ones that are more widely used.
difference (RD) such as deletions and insertions, plus some SNPs. BCG vaccines were thus divided into the early strains, represented by BCGs Japan, Birkhaug, Sweden, and Russia and the late strains, including BCGs Pasteur, Danish, Glaxo, and Prague (8) .
The most obvious reason for the attenuation of BCG was the loss of the protein secretion system ESX-1, absent from all strains, due to deletion of RD1 (15) (16) (17) (18) (19) (20) . However, because reintroduction of ESX-1 to BCG Pasteur or Russia does not restore full virulence (17) , there are likely to be other lesions. Here, in an attempt to refine the genealogy of BCG, elucidate the basis of attenuation, and understand variable vaccine efficacy, we present the complete genome sequence of M. bovis BCG Pasteur 1173P2, details of its bioinformatic and functionalgenomic analysis, and evidence for tandem duplications, DU1 and DU2.
Results
The Genome Sequence. By using gene prediction and genome comparison approaches (21, 22) , a total of 3,954 genes coding for proteins (CDS) were identified in the 4,374,522-bp circular chromosome of BCG Pasteur, together with 34 pseudogenes (Fig. 1) . Although the BCG genome has incurred several deletions since diverging from its parent M. bovis (11) , it is nonetheless almost 30 kb larger than that of M. bovis AF2122/97, which contains 4,345,492 bp (22) , as a result of two independent tandem duplications, DU1 and DU2 (23) . Consequently, BCG Pasteur is diploid for 58 CDS and two tRNA genes. There are 48 repetitive elements corresponding to insertion sequences and 13E12 repeats but none of the known prophages associated with M. tuberculosis (21, 24) .
Comparative Genomics. Considerable insight into the evolution of tubercle bacilli has been obtained from studying polymorphisms like RD (25) (26) (27) (28) . On comparison of the genome sequences of M. tuberculosis strains H37Rv and CDC1551 (29) with those of M. bovis AF2122/97 and BCG Pasteur, 42 RD were uncovered, 28 of which had been detected previously [ Fig. 1 ; and see supporting information (SI) Table 2 ]. These affect Ϸ170 genes, of which BCG Pasteur has lost 133. Of the 14 new RD, 1 is intergenic, 11 affect PEPGRS or PPE genes, and another corresponds to amplification of a 57-bp tandem repeat in leuA. The finding that BCG Pasteur contains RD17 and RDpan, whereas M. bovis AF2122/97 does not, is consistent with the scheme in which the parental M. bovis strain preceded M. bovis AF2122/97, as borne out by spoligotyping (27) .
On inspection of the complete SNP catalog (SI Table 3 ), it was found that there were only 736 SNP between the two M. bovis strains, indicating a close relationship, and Ϸ2,400 SNP between BCG and the M. tuberculosis strains, which also appear more divergent than the bovine strains. The majority of the SNP between M. bovis and BCG Pasteur occur within genes (83%), and 68% of these are nonsynonymous, consistent with the delayed effects of purifying selection on recent mutations (30) .
Tandem Duplications in BCG Pasteur. The most prominent genomic polymorphisms are the tandem duplications, DU1 and DU2. Both copies of DU1 are identical, whereas there is a single nonsynonymous base difference in DU2, within gene BCG3258. DU1 is 29,667 bp in length and spans the chromosomal origin of replication, oriC. As can be seen from Fig. 2 , this duplication is restricted to BCG Pasteur, unlike DU2, which occurs in one of four different forms, DU2-I-DU2-IV, in all daughter BCG strains examined. In BCG Pasteur, DU2-IV, comprising 36,163 bp, arose as a result of tandem duplication of a 141-kb stretch and two subsequent internal deletions, one of which (⌬int) is common to BCG groups DU2-II-DU2-IV. Several regulatory genes, including sigH and whiB1, occur in DU2-IV that might affect gene expression levels when diploid. DU2 in Other BCG Strains. Detailed mapping of representative early and late BCG daughter strains was performed by pulsed-field gel electrophoresis and locus-specific Southern blotting. DU2-IV of BCG Pasteur is contained entirely within an AsnI fragment that spans region 3,529-3,753 kb (M. tuberculosis H37Rv coordinates); consequently, a change in its size reflects internal amplification events. As shown in Fig. 3 , the corresponding AsnI fragments of the BCG strains are all larger than those of M. tuberculosis and M. bovis by Ϸ80 kb in BCGs Prague, Mérieux, and Danish, by Ϸ75 kb in BCGs Sweden and Birkhaug, and by Ϸ20 or 40 kb in BCG Moreau and BCGs Japan and Russia, respectively.
The endpoints of the DU2 duplications in the various BCG strains were pinpointed by mapping, cloning, and sequencing by using BAC clones. In the early strains BCGs Moreau, Russia, and Japan, the Ϸ20-kb duplicated segment corresponds to positions 3,684,229-3,704,932 (M. tuberculosis H37Rv coordinates), and this duplication was named DU2-I. There was extensive evidence of amplification of DU2-I because BCGs Russia and Japan have predominantly three copies, whereas BCG Moreau has two ( Fig.  3 and SI Fig. 6 ), as summarized in Fig. 4A . PCR assays for the junction, JDU2-I, demonstrated the presence of DU2-I in all three strains but not in the remaining 11 BCG vaccines.
BCGs Birkhaug and Sweden displayed identical hybridization patterns but their DU2 endpoints differed from those of other groups. Furthermore, the duplicated segment harboring ⌬int had switched position relative to groups III and IV. This configuration was termed DU2-II (Fig. 4A ). In the case of BCGs Mérieux, Prague, and Danish, the duplicated fragment bore 78.5 kb of extra DNA, corresponding to regions 3,567,459 -3,608,472 and 3,671,536-3,709,097 (M. tuberculosis H37Rv coordinates). This The scale is shown in megabases in the outer black circle. Moving inward, the next two circles show forward and reverse strand CDS, respectively, with colors representing the functional classification (red, replication; light blue, regulation; dark blue, virulence; light green, hypothetical protein; dark green, cell wall and cell processes; orange, conserved hypothetical protein; cyan, IS elements; yellow, intermediate metabolism; gray, lipid metabolism; purple, PE/PPE). The following two circles show forward and reverse strand pseudogenes (colors represent the functional classification), the next circle shows RD (black) and DU (red), followed by the GϩC content, and finally the GC skew (G-C)/(GϩC) plotted by using a 10-kb window. For more details see SI Table 2 . duplication, termed DU2-III, is a precursor to DU2-IV of BCG Pasteur, which has ⌬int but shows a different duplication junction because of the second deletion event ( Fig. 4A and SI Fig. 6 ).
Systematic PCR screening with appropriate JDU2 primers (SI Table 4 ) classed each of the 14 BCG vaccines into one of four groups (Fig. 5) . In this scheme, DU2-II-DU2-IV are closely related, whereas DU2-I is quite distinct. Early BCG strains with DU2-I have two or three copies of genes BCG3365-BCG3383, whereas late vaccines harboring DU2-III are diploid or triploid for genes BCG3221c-BCG3260c and BCG3356c-BCG3388c.
Amplification Is Ongoing. Because gene amplification might alter immunogenicity and vaccine efficacy, we monitored current vaccine lots for triplications. A most striking example was found in the widely used vaccine BCG Danish 1331. A sample grown directly from a vial used in immunization programs was found to be positive for JDU2-III ( Fig. 4B ) and to contain AsnI fragments that were 80 or 160 kb larger than their counterparts in M. tuberculosis and M. bovis (Fig. 3) , indicating that cells with either duplication or triplication of DU2-III coexisted in the population. In addition, we also investigated a BCG Danish strain that had been grown continuously for 1,513 passages and found only the triplicated form of DU2-III ( Fig. 3 and SI Fig. 6 ). These results indicate that copy number may increase with additional passaging.
What Drives Amplification? To find clues to the selective pressure, which led to tandem duplications, the region of overlap between DU2-I and DU2-IV was compared and found to comprise a mere 5,899 bp and contain only three intact genes: Rv3300c, encoding a member of the RNA pseudouridylate synthase family; phoY1, coding for a phosphate transport system regulator, and glpD2, encoding glycerol-3-phosphate dehydrogenase (Fig. 4B ). Higher levels of the latter enzyme likely afforded an advantage to strains with duplications for growth in Calmette's glycerol-containing medium, and this is supported by the 2.7-fold increase in glpD2 expression levels in BCG strains compared with M. bovis (Table 1) . Furthermore, because glycerol is still used in the medium for vaccine production, it is possible that amplification of the glpD2 region enhances the growth rate. Gene Regulation and Phenotypic Differences. Initial analysis of diversity in BCG revealed overrepresentation of regulatory genes in the RD (11) . This trend was extended on analysis of the genome sequence because 3 of the 10 extracytoplasmic function (ECF) -factor genes (31) have been lost or inactivated. As a result of the N-RD18 deletion, the 5Ј end of sigI (Rv1189) has been fused in-frame to the 3Ј end of the Rv1191 ortholog. The resultant fusion protein is unlikely to function because the promoter recognition domain is located in the C-terminal part of ECF -factors. The sigI gene is intact in the other three BCG groups (Fig. 5) .
The sigK gene of BCG Pasteur has incurred a missense mutation in its start codon that replaces the ATG by ATA. This mutation is present in all BCG strains except the early ones (Fig.  5) . One of the consequences of this mutation is loss of expression of the major antigens MPB70 and MPB83 (32) . Another interesting regulatory locus is that of the two-component system, PhoP-PhoR, as lesions in phoP in M. tuberculosis result in marked attenuation and a profoundly altered cell envelope (33, 34) . Here, DU2-I strains differ from the others as they have an IS6110 element located upstream of phoP and this may influence expression levels as more phoP mRNA was detected in BCG Tokyo than BCG Pasteur (SI Table 5 ). This element was subsequently lost (Fig. 5) .
Importantly, a 10-bp deletion was found in codon 91 of phoR from the DU2-III strains BCG Glaxo, Mérieux, and Danish, that would disrupt expression (Fig. 5) . Inactivation of the PhoP-PhoR system leads to loss of diacyltrehaloses, polyacyltrehaloses, and sulfolipids (33, 35) , all of which are missing from BCG, although the genes encoding the corresponding biosynthetic machinery are identical to those of M. bovis. Although the lesion in phoR might account for their absence from the DU2-III strains, it does not explain their loss from the other BCG vaccines, thus raising the possibility that other regulatory genes intervene. However, it is noteworthy that the DU2-III strains are considered to be the most attenuated.
In most bacteria, but possibly not M. tuberculosis (35) , the PhoP-PhoR system generally regulates genes involved in phosphate metabolism, and genome analysis predicts that the highaffinity phosphate-uptake system may be inactive in BCG, because both the pstB and phoT genes, encoding key components, are frameshifted (36) . BCG also lacks the alternative system for capturing phosphate, uptake of sn-glycerol-3-phosphate via the ugpABC system, because ugpB has a frameshift mutation. Intriguingly, although M. bovis AF2122/97 has an intact ugpB, it is mutated in ugpA, which is functional in BCG. Overall, BCG may be challenged for growth under conditions where phosphate concentrations are limiting, and, in vivo this would constitute a distinct growth disadvantage.
Another regulatory locus that has accrued down-regulating mutations is BCG3734, encoding the cAMP-receptor protein, Crp. Once again, there are variations between different BCG daughter strains (Fig. 5) because, although they all have an E178K substitution affecting the DNA-binding domain, the ''late'' strains also have the L47P replacement in the cAMPbinding site (37) . Because Rv3676, the M. tuberculosis ortholog, mediates responses to low glucose concentrations and nutrient starvation, loss of BCG3734 function might perturb intermediary metabolism and growth under microaerophilic conditions.
Comparative Transcriptomics: Impact on Virulence and Metabolism.
To explore global gene expression differences, we performed comparative in vitro transcriptome analysis across the early and late BCGs, Japan and Pasteur, respectively, versus two M. bovis strains and highlighted a subset of genes showing significant differences in both comparisons (Table 1, SI Table 5 , and SI Fig. 7) .
A key selective pressure during in vitro adaptation of the M. bovis progenitor was the switch to a glycerol carbon source, evidenced by the presence of a functional pyruvate kinase enzyme in BCG (38) and significantly higher levels of transcription of glpD2 compared with M. bovis (Table 1) . Further confirmation of metabolic remodeling is seen in the divergent regulation of genes associated with fatty acid degradation (SI Table 5 ). Hence, fadD2, fadE35, and the ␤-oxidation complex genes fadAB, are all down-regulated in BCG. Likewise, the desA1 and desA3 genes, encoding two desaturases involved in fatty acid modification (39) , were down-regulated in BCG compared with M. bovis. Expression of desA3 is at least 12-fold higher in vitro in M. bovis compared with both BCG strains ( Table 1) . Inactivation of desA3 attenuates M. tuberculosis (40) , and increased expression of desA1 and desA3 occurs in patients with active tuberculosis (41) . These observations suggest a key role for these desaturases in virulence, so their decreased expression in BCG may be relevant to attenuation. Reduced expression of desA3 is surprising because it is located in DU2-IV (23); other DU2-IV genes showed Ϸ2-fold-increased relative expression, as expected for diploidy, and the same trend was observed with DU2-I genes (Table 1) . In line with the mutation of transcriptional activators, expression of multiple regulators was divergent between M. bovis and BCG (SI Table 5 ). Genes Mb0484, Mb0846c, Mb1433c, Mb2354, lexA, Mb3122, and Mb3614c were all at least 3-fold downregulated in both BCG strains, whereas Mb3277 showed increased expression. Interestingly, three WhiB family transcription factors, which regulate virulence, cell division, and stress responses (41) (42) (43) (44) , were differentially expressed. In both BCGs, whiB4 was down-regulated, whereas whiB1 was overexpressed because of increased gene dosage; whiB3 showed 9-fold increased expression in BCG Pasteur over BCG Japan and M. bovis (Table 1) .
One of the genes showing the greatest difference in expression between BCG and M. bovis is mceG, which is essential for the function of multiple mce loci involved in cell entry (45) . Mutation of mceG had the same effect on in vivo growth as the simultaneous inactivation of both mce1 and mce4 loci, resulting in severe attenuation of M. tuberculosis (45) . Our results show that mceG is highly repressed in BCG compared with M. bovis (Table 1) , providing another possible explanation for attenuation of the vaccine.
Variable expression of genes encoding immunogenic surface and secreted proteins was revealed. Seven PE and PPE family members (pe-pgrs3, pe-pgrs5, pe-pgrs15, pe13, ppe18, ppe40, and pe-pgrs54) had reduced expression in BCG; ppe50 was upregulated in both BCG strains, with ppe27 and pe19 up-regulated in BCG Pasteur versus BCG Japan. Expression of the serodominant Mpb83 and Mpb70 antigens (32) was repressed in BCG Pasteur, whereas five ESAT-6 genes (esxI, esxJ, esxK, esxM, and esxN) showed increased expression compared with BCG Japan (SI Table 5 ). Indeed, the cumulative effect of variation in secreted and cell wall antigens across BCG strains may contribute to variable vaccine efficacy.
Discussion
A large body of evidence is presented for diversity among BCG strains, and this stems from both genomic modifications and alterations to pleiotropic regulators of gene expression. We postulate that the resultant phenotypic differences contribute to variable vaccine efficacy. When Calmette and Guérin grew the progenitor M. bovis strain on glycerinated potato slices, they unknowingly imposed selective pressure for genetic alterations to this natural mutant for glycerol metabolism, so that glycerol could be used as a carbon and energy source. Some of these changes were simple point mutations, such as selection for an active pyruvate kinase (22, 38) , whereas others, like tandem duplications, were more complex, with potentially far-reaching effects because of their size and instability. As part of the metabolic improvement, one direct consequence of DU2 amplifications was higher levels of glycerol-3-phosphate dehydrogenase, another key enzyme required for growth on glycerol, as confirmed by transcriptomics.
A study of the transcriptome also revealed extensive variation in gene expression both between early and late BCG daughter strains and with respect to virulent tubercle bacilli. This results from increased gene dosage or from altered activity of pleiotropic regulators leading to over-or underproduction of certain proteins, including virulence factors and enzymes. Consequently, the corresponding vaccine strain may have an imbalanced antigenic repertoire that does not accurately reflect that of bovine or human tubercle bacilli. As can be seen from SI Table 5 , there are extensive differences in the level of expression of known surface proteins and immunodominant protein antigens between BCGs Pasteur and Japan that may induce protective responses.
Tandem gene duplications provide increased activity in response to strong selective pressure. From the known BCG chronology (9), it appears that DU2-I arose in prototypical BCG and was then lost before the emergence of the DU2-II precursor, which later incurred ⌬int. This, in turn, served as a substrate for further duplication events in vaccines of groups II, III, and IV (Fig. 5 ). If our model is correct, DU2 duplication arises as a function of growth rate on glycerol. Gene amplification, and the subsequent diversity in cellular populations and immunogenicity, could be avoided by producing the vaccine in a more controlled way, by using tools developed here for quality control and assurance, because the manufacturing process has scarcely changed since 1921. These innovations will also be useful for monitoring recombinant BCG vaccines.
From Fig. 5 it seems that, after 1925, Calmette's team may have replaced the strain initially distributed (now represented by BCG Japan) by another derivative, possibly less virulent or reactogenic. The later strains fall into three groups of which DU2-II is intermediate and followed by the major vaccine-production strains BCG Danish, Glaxo, and Pasteur. These three accounted for 66% of the 335 million doses administered in 1996 (2) and all of the metaanalyses of BCG vaccine efficacy use data sets from trials performed with them (3). We note that, in a comparative study of immune responses in babies, BCG Japan induced significantly higher levels of Th1-cytokines (IFN-␥, TNF-␣, IL-2) and lower secretion of the Th2-cytokine, IL-4, accompanied by greater CD4 and CD8 T cell proliferation, than did BCG Danish (46) . Taken together with our findings, this suggests that early BCG vaccines may confer better protection against tuberculosis, a possibility that would benefit from formal evaluation in clinical trials.
Materials and Methods
Bacteria, Genome Mapping, and Sequencing. BCG vaccines were from the collections at the Institut Pasteur or McGill University, and grown in Middlebrook 7H9 medium (Difco) with 0.05% Tween 80 and Albumin Dextrose Catalase (ADC) supplement. An initial shotgun of BCG Pasteur was generated from Ϸ21,700 paired-end sequences from three pUC19 libraries with insert sizes ranging from 2.8 to 5.5 kb, 7,500 paired-end sequences from two pMAQ1b libraries with insert sizes of 5.5-10 kb, and 3,500 single-end sequences from an M13 library. This produced an initial 4-fold coverage of the genome. This was supplemented with 30,000 reads obtained from a whole-genome shotgun library prepared in the vector pCDNA2.1 in Paris. Plasmids were sequenced by using ABI 3700 DNA sequencers (PerkinElmer, Foster City, CA), and sequences assembled by using PHRAP and GAP4 as described (21) . Annotation and database presentation were by means of Artemis (47) and BCGList (http://genolist.pasteur.fr/BCGList/). Genomic DNA analysis by pulsed-field gel electrophoresis and BAC library construction were as described (23, 48, 49) .
